This study was conducted to document the extent to which flow depends on valve position in relation to head-pressure reference.
There are currently numerous shunting systems available for use in the treatment of hydrocephalus. Overdrainage of cerebrospinal fluid (CSF) is a serious complication in patients in whom shunts have been placed. [2, 5, 7, 10, 11] Since the development of the antisiphon device (ASD) by Portnoy and Schulte in 1971, technology has advanced to the point at which many shunt valves have an integral siphon-control device (SCD). Such devices were intended to prevent overdrainage of the CSF compartment. There is, however, continuing controversy over the benefits of siphon-reducing devices. Reported findings range from "no significant benefit from the inclusion of a siphon control device (SCD) in the shunting system" [3] to the conclusion that "any form of ventriculoperitoneal shunt, with or without valves, with slit-end valves or cranial valves seemed to work equally well in the hands of a dedicated pediatric neurological surgeon." [8] One important factor in overdrainage, regardless of the valve type used, is the absolute position of the valve body itself with respect to the head-pressure reference position. Once the inlet catheter tip is fixed in place, it serves as the reference for effective head pressure on the inlet side of the valve assembly. All valve types, with or without SCDs, depend on intracranial pressure (ICP) to open the valve itself. However, when the valve body is placed significantly lower than the reference pressure location (for example, the foramen of Monro for the Delta valve), an effective increase of head pressure directly proportional to the distance between the inlet catheter tip and the location of the valve assembly will result. This effective increase in ICP most commonly occurs when the valve is located in the occipital region, although lesser misalignment can occur when using a frontal placement. This study was performed to underscore the importance of valve position with regard to the reference for ICP measurement (that is, the inlet catheter tip).
MATERIALS AND METHODS
Four types of Delta valves (performance level [PL] 0.5, 1.0, 1.5, and 2.0 [contour model; PS Medical, Goleta, CA]) were tested. We used commercially available inlet and outlet catheters with the valves, and the distal catheter length was fixed at 50 cm (-50 cm of siphon pressure). Three valves of each type were tested. Data used for averaging were from the first complete run of each valve type following valve wetting and establishment of stable flow. An "infinite" reservoir of sterile normal saline served as the source of the artificial ICP (head pressure). Fluid level in the reservoir was maintained by continuous addition of liquid to the predetermined height. Starting head pressures for each valve type were set as directed on the product inserts. Values were chosen such that each one started the test at its maximum suggested flow rate. The proximal catheter tip was fixed at a position in the reservoir in concert with the desired starting head pressure. The valve was affixed to a micrometer manipulator with the starting position equal to the desired head pressure (that is, horizontal with the tip of the proximal catheter). Five 1-minute outflow samples were collected in tared collection tubes, and the flow rate was determined gravimetrically. The results of preliminary experiments showed that the valves attained a constant flow rate within one sample of positioning. After collection of the fifth sample, the valve was repositioned via the micrometer adjustment in 1-cm increments. The range of positions was 4 cm above to 8 cm below the proximal catheter tip. The "0" position indicates the placement of the proximal catheter tip and the valve at the same level. This is the configuration suggested by Medtronic PS Medical for the contour Delta valve based on the recommendations of Watson. [13] 
RESULTS
For all valve types a linear relationship between valve position and outflow rate was demonstrated. At the "0" position, each valve is open and flowing at least 50 ml/hour. This was done so that each valve was flowing at a steady rate to avoid overcoming opening pressure. For each performance level, flow rate decreased as the valve was raised above the level of the proximal catheter tip (0-4 cm) and increased dramatically as the valve was positioned below the level of the inlet catheter tip (0 to -8 cm). Because the inlet catheter tip became the head-pressure reference position, increased flow rates were mandated when the valve assembly was positioned below this level. Figure 2 shows the same flow data for all four valve types plotted against absolute head pressure (starting head pressure minus the hydrostatic pressure caused by valve position). This allows a direct comparison of the valves and also shows the effect of increasing valve resistance (for example, for a given flow rate, the PL 2.0 valve requires approximately 9 cm more pressure than the PL 0.5 valve). The flow rates obtained within the usual range of operating pressures are in agreement with those reported in the literature. [7, 11] Figure 3 shows the effect of 50 cm of outflow tubing (siphon pressure) on flow rate. The ratio between inlet diameter and the diameter of the SCD diaphragm is approximately 20:1, so that each 20 cm of outflow tubing adds 1 cm to the opening pressure. Over the range of operating pressures of the PL 1.0 valve, as shown in Fig. 3 , the configuration with 50 cm outflow tubing requires approximately 2 cm more ICP to maintain the same flow as the configuration in which there is no outflow tubing. For all four valve types, flow varied directly with valve position relative to the proximal catheter tip (effective head pressure). Changes in flow per centimeter of head pressure were similar for all valve types (Table 1) . 
DISCUSSION
The use of standard differential-pressure shunt valves carries significant risks of overdrainage of CSF when the patient is in the upright position.[2,4,5,7,10,11] The use of an ASD should theoretically overcome this position-dependent overdrainage, but controversy continues over the benefit of such devices. Indeed, in a recent report the authors concluded that no significant benefit was obtained from the inclusion of an ASD or SCD in the shunt system. [3] Of equal importance is the conclusion that "any form of ventriculoperitoneal shunt, with or without valves, with slit-end valves or cranial valves seemed to work equally well in the hands of a dedicated pediatric neurological surgeon," which came from a paper reported in the same journal. [8] The function of the SCD is well documented in benchmark studies. [7] Although it is possible that an SCD may malfunction, leaving the valve to act as a differential-pressure valve, the most common complication related to the SCD is one of increased system resistance [1] and elevated ICP with underdrainage. [6] Although a variety of corrective actions have been proposed, including the use of any of the possible shunt systems, [8] servoregulated valves, [9, 12] and modification of the manufacturer's design to place the SCD 10 to 30 cm downstream from the flow-control valve, [9, 12] 
One important consideration in this dilemma is the physical positioning of the valve/SCD assembly with respect to the proximal catheter tip. Once this catheter tip is fixed in position, it becomes the reference position for head pressure (intraventricular pressure) on the inlet side of the shunt valve. The pressure available for driving flow across the shunt valve (perfusion pressure) may be seen as the sum of a number of pressures in the system:
where PP is the perfusion pressure, IVP is the intraventricular pressure, HP is the hydrostatic pressure, DCP is the distal cavity (abdominal) pressure, and CP is the closing pressure of the differential-pressure valve. The closing pressure is fixed for a given valve type, and distal cavity pressure is generally taken to be 0 cm H 2 O, on average. Once the outflow catheter is fixed, the hydrostatic pressure is set and is compensated for by a properly functioning SCD. The remaining variable controlling shunt valve flow rate is IVP.
As recommended by Medtronic PS Medical, one reference location for IVP is the foramen of Monro. In practice, any reference location may be used, provided the valve/SCD and the reference point are maintained at the same level. Just as one determines arterial blood pressure by choosing the heart level as the reference, one must commit to a reference point when determining IVP. As the pressure transducer is moved higher than the reference location, the measured pressure decreases, and as it is moved lower the measured pressure increases. This is of course due to the effective hydrostatic pressure at the transducer (the distance between the reservoir and the transducer). In the case of shunts, the valve itself is the pressure-sensing system. Even in the case of the normally closed SCD, it is the ICP that drives flow in the system. By placing the valve/SCD below the level of the proximal catheter tip, one has effectively increased the ICP by an amount equal to the distance between the valve and the catheter tip.
In this study we evaluated the effect of varying valve/SCD position in relation to the proximal catheter tip. Analysis of the data uniformly shows significant increases in outflow as the valve system is moved below the level of the catheter tip. For the four types of Delta valve investigated, displacement of the valve by as much as 3 cm negative to the proximal catheter tip would result in flow rates sufficient to cause overdrainage before the valve closed. The magnitude of this effect depends only on the overall vertical displacement between the valve and the inlet catheter tip.
CONCLUSIONS
The fluid dynamics of shunt valve operation are complex and dependent on many factors, including patency of both proximal and distal catheters, patency of the valve itself, and the proper functioning of the SCD. The results of this study indicate the importance of the hydrodynamic relationship between the valve assembly and the reference point in measuring IVP. The SCDs functioned properly, but the valves were allowed to act as differential pressure valves by effectively increasing head pressure. Extreme care should be taken when implanting these valves in positions other than with the SCD and the tip of the inlet catheter at the same reference location (usually the foramen of Monro). When the contour model Delta valves are placed in the occipital area overdrainage is clearly possible, particularly in adults in whom the distance between inlet catheter tip and the valve assembly may be at a maximum. If an occipital placement is desired, a burr hole model of the Delta valve is available. Within its chassis, this valve also contains an SCD, and the burr hole placement assures alignment at the same level as the horizontally placed ventricular catheter.
